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1
VARIABLE STROBE FOR ALIGNMENT OF
PARTIALLY INVISIBLE DATA SIGNALS

BACKGROUND

This application relates to memory controllers, and in par-
ticular, to managing skew in data signals, using multiple
modes.

In a typical memory system, a memory and a memory
controller connect to a common bus that has several parallel
wires. Each wire, which carries one bit, will be referred to
herein as a “data line.”

The signal present on each data line represents data. It will
therefore be referred to herein as the “data signal.” In a typical
memory with eight-bit bytes, there would be eight of these
data signals for every byte.

In a typical memory system, the wires that carry a byte
include data lines, with one data line for each bit. Thus, for an
eight-bit byte, there would be eight data lines. However, there
is also an extra pair of wires. This extra wire pair carries a
differential signal that functions as a reference clock for sam-
pling the data lines. The differential signal carried by these
extra wires is often called a “strobe” or a “timing signal.” The
wires that carry this timing signal are collectively called a
“strobe line.”

For example, such a memory system may include a
memory controller for a memory module that includes a
number of synchronous dynamic random access (SDRAM)
memory chips. In such a system the data line may be called a
“DQ” signal, and the strobe may be called a “DQS” signal.

In the process of writing to the memory, a memory con-
troller receives several n-bit units worth of data, together with
an instruction to write those units into the memory. Each unit
has n data bits and an associated strobe line. For each n-bit
unit, the controller places each of the n bits on each of the n
individual data lines corresponding to those n bits. As part of
this task, the memory controller places a strobe on the strobe
line for each n-bit unit. For each n-bit unit, the memory makes
use of the strobe to sample the data lines for that unit, and
stores the corresponding data into the memory array. In some
embodiments, n=8. However, in other embodiments n=4.

The data lines may be bidirectional. So, in the process of
reading from the memory, the controller issues one or more
commands to the memory. In response, the memory places
data signals on the data lines and a corresponding strobe on
the strobe line. The controller then retrieves the data from the
bidirectional data lines.

In the ideal case, the timing of the strobe and the data
signals should be maintained with a particular relative phase
offset while propagating between the controller and the
memory. However, in practice, different data lines have dif-
ferent skews in the data signals. These different skews, which
result in different relative phase offsets, arise as a result of
variations in the path-lengths of the routes followed by the
data signals as they traverse the package that contains a
memory component, a module containing multiple packaged
memory components, a printed circuit board that connects the
controller to the memory module, and the package of the
memory controller. For example, temperature may also cause
such variations. As a result of higher data rates, the effects of
these variations are more significant.

SUMMARY

In one aspect, the invention features a method of sampling
data signals in response to a timing signal. Such a method
includes receiving data signals that are skewed relative to
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each other. Each data signal has a valid-data window having
an extent such that, when a data signal is received, an invisible
portion of the valid-data window is outside an observation
window and a visible portion of the valid-data window is
inside the observation window. The method further includes,
for each of the data signals, identifying a designated location
within the valid-data window that is part way across the extent
of the valid-data window, and for each of the data signals,
aligning the data signal such that the designated location
aligns with the timing signal.

In some practices, identifying a designated location of the
valid-data window comprises skewing the timing signal.

In other practices, identifying a designated location of the
valid-data window comprises skewing the timing signal by a
timing-signal skew. This is followed by, for each data signal,
skewing the data signal by a compensation skew, and deter-
mining that a combination of the timing-signal skew and the
compensation skew results in a memory error. Among these
practices are those in which determining that a combination
of'the timing-signal skew and the compensation skew results
in a memory error comprises writing a first value to amemory
location, reading a second value from the memory location,
determining that the second value is inconsistent with the first
value, and recording the compensation skew and the timing-
signal skew associated with having determined that the first
and second values are inconsistent.

Other practices include those in which identifying a des-
ignated location of the valid-data window comprises detect-
ing a location of a leading edge of the valid-data window and
atrailing edge of the valid-data window, at least one of which
lies outside the visible portion, and those in which identifying
a designated location of the valid-data window comprises
identifying a location midway between the leading edge and
the trailing edge of the valid-data window.

Yet other practices include shifting the data signals and the
timing signal in a direction that reduces duty-cycle distortion.

In some practices, aligning the data signal such that the
designated location aligns with the timing signal comprises
passing the data signal through a delay line, and selecting the
particular output of the delay line, that would correspond to a
desired compensation skew for the data signal. Some ofthese
practices also include selecting the output of the delay line to
minimize distortion of the data signal. Other ones of these
practices include selecting the output of the delay line to be as
close to a beginning of the delay line as possible subject to the
constraint that each data signal be sampled at the designated
location on the valid-data window of the data signal.

In another aspect, the invention features an apparatus for
controlling a memory. Such an apparatus includes a memory
controller, a data interface that interfaces with data lines that
connect the memory controller to the memory, a timing-
signal interface that interfaces with a timing-signal line and
applies a timing signal to the timing-signal line, and data
de-skewers, each of which is associated with one of the data
lines. The data lines carry data signals that are skewed relative
to each other. Each data signal has a valid-data window with
an extent. When a data signal is received, the valid-data win-
dow includes an invisible portion, which is outside an obser-
vation window, and a visible portion, which is inside the
observation window. The data de-skewer that corresponds to
a particular data line applies a compensation skew to a data
signal that is carried by that data line. For its particular data
line, each data de-skewer identifies a designated location
within and part way across the extent of the valid-data win-
dow, and aligns the data signal such that the designated loca-
tion aligns with the timing signal.



US 9,349,434 B1

3

Embodiments include those in which the data de-skewer
identifies a designated location of the valid-data window
based on a skew applied to the timing signal by the timing-
signal de-skewer.

In some embodiments, the data de-skewer identifies a des-
ignated location of the valid-data window based on a skew
applied to the timing signal by the timing-signal de-skewer. In
such embodiments, the data de-skewer applies a compensa-
tion skew that depends on an extent to which the timing signal
is skewed, and the memory controller determines that a com-
bination of the timing-signal skew and the compensation
skew results in a memory error. Among these embodiments
are those in which the memory controller determines that a
combination of the timing-signal skew and the compensation
skew results in a memory error by writing a first value to a
memory location, reading a second value from the memory
location, determining that the second value is inconsistent
with the first value, and recording the compensation skew and
the timing-signal skew associated with having determined
that the first and second values are inconsistent.

Other embodiments include those in which, for each data
line, a data de-skewer corresponding to the data line identifies
a designated location of the valid-data window by detecting a
location of a leading edge or a trailing edge of the valid-data
window, or both. In these embodiments, at least one of the
leading edge and the trailing edge lies outside the visible
portion.

In other embodiments, the data de-skewer identifies a des-
ignated location of the valid-data window by identifying a
location midway between the leading edge and the trailing
edge of the valid-data window.

In yet other embodiments, the data de-skewer shifts the
data signals and the timing signal in a direction that reduces
duty-cycle distortion.

In some embodiments, the data de-skewer aligns the data
signal such that the designated location aligns with the timing
signal by passing the data signal through a delay line, and
selecting an output of the delay line that corresponds to a
desired compensation skew for the data signal. Among these
embodiments are those in which the data de-skewer selects
the output of the delay line to minimize distortion of the data
signal, and those in which the data de-skewer selects the
output of the delay line to be as close to a beginning of the
delay line as possible subject to the constraint that each data
signal is sampled at the designated location on the valid-data
window of the data signal.

These and other features of the invention will be apparent
from the following description and the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows several bits overlaid on each other to show a
data-valid window.

FIG. 2 shows a flow chart for carrying out a write-skewing
procedure to ensure sampling during the data-valid window
shown in FIG. 1.

FIG. 3 shows sweeping across compensation-skew settings
to identify optimal compensation-skew settings to enlarge the
data-valid window shown in FIG. 1.

FIG. 4 shows the derivation of a compensation vector to be
used for compensation of the bits in FIG. 1.

FIG. 5 shows a circuit for providing a strobe according to
the procedure set forth in FIG. 2.

FIG. 6 shows a circuit for providing data signals according
to the procedure set forth in FIG. 2.

FIG. 7 shows visible and invisible portions of a data signal.
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FIG. 8 shows uncompensated data signals, some of which
have invisible portions.

FIG. 9 shows, for each data signal in FIG. 8, the center of
the valid portion based on what is visible.

FIG. 10 shows the data signals of FIG. 8 after having had
compensation-skews applied.

FIG. 11 shows uncompensated data signals, with a strobe
having been skewed to maximize the extents within the vis-
ible range.

FIG. 12 shows, for each data signal in FIG. 11, the center of
the valid portion based on what is visible.

FIG. 13 shows the data signals of FIG. 11 after having had
compensation-skews applied.

FIG. 14 illustrates a method for aligning the data signals by
applying compensation-skews and a variable strobe-skew.

FIG. 15 illustrates details for one practice of the method
illustrated in FIG. 14.

FIG. 16 shows uncompensated data signals that are ini-
tially more closely aligned than those in FIG. 8.

FIG. 17 shows, for each data signal in FIG. 16, the center of
the valid portion based on what is visible.

FIG. 18 shows the data signals of FIG. 16 after having had
compensation-skews applied.

FIG. 19 shows the data signals of FIG. 18 after having been
shifted for sampling closer to the beginnings of their respec-
tive delay lines.

DETAILED DESCRIPTION

FIG. 1 shows a superposition of bits from a data unit after
having been placed on respective data lines by a controller
and having reached a memory. The particular example shows
a data unit with eight bits. However, the principles described
herein are independent of the actual number of bits.

The superposition of bits that is shown in FIG. 1 has three
intervals: a leading-transition interval 10 during which the
bits are potentially transitioning between different values, a
data-valid window 12 during which all bits are held at their
correct values, and a trailing-transition interval 14 during
which the bits are also potentially transitioning between dif-
ferent values.

Inthe example of FIG. 1, for illustration purposes, all n bits
happen to transition from low to high and then from high back
to low. This corresponds to a bit sequence of 010 for all n bits.

Inthe example of FIG. 1, the terms “leading” and “trailing”
are relative to a time slot for a particular bit. The trailing-
transition interval of one bit is the same as the leading-tran-
sition interval of the subsequent bit.

Itis apparent from the FIG. 1 that the individual bits are not
perfectly aligned. This misalignment is called a “skew.” As a
result of this misalignment, the extent of each of these inter-
vals is not the same across all data lines. Some data lines reach
their data-valid window 12 earlier than others. Other data
lines may start their trailing-transition interval 14 sooner than
most. This tends to broaden the aggregate leading-transition
interval 10 and the aggregate trailing-transition interval 14 of
the collection of bits as a whole. This broadening comes at the
expense of what has now become a shorter aggregate data-
valid window 12.

A timing signal identifies when these bits will be sampled.
Clearly, it would not be a good idea to sample the bits during
the leading-transition interval 10 or the trailing-transition
interval 14. This is because the values of the bits would not be
clearly defined. The best time to sample valid values for all of
the bits is while all n data lines are still in their respective
data-valid windows 12. It is therefore desirable to have a
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timing signal that occurs sometime during the data-valid win-
dow 12. Such a timing signal will ensure that all bits are in a
state suitable for sampling.

Given the technological limits on how short the transitions
of the leading-transition interval 10 and trailing-transition
interval 14 can be, as clock rates have become faster, the
data-valid window 12 has become shorter. Thus, it has
become easier for the timing signal to miss the data-valid
window 12. This can result in inadvertently sampling one or
more bits during the leading-transition or trailing-transition
interval 10, 14 when a signal is not guaranteed to be at its
correct value.

A solution to this difficulty is to de-skew the individual data
signals so as to reduce the extent of the aggregate leading-
transition and trailing-transition intervals 10, 14, thus extend-
ing the aggregate data-valid window 12. This would be fol-
lowed by adding a skew that is required by the receiving
memory between all n data bits and the strobe. The extent of
the relative skew is selected to maximize the likelihood of
having the memory sample the data lines during the extended
aggregate data-valid window 12 thus created. In the preferred
embodiment, the relative skew is caused by skewing the data
relative to a fixed strobe. Another embodiment could use a
variable strobe-skew and increase the total range by up to two
times for some skew patterns.

A signal’s timing can be controlled by passing the signal
through a delay line. A delay-line has multiple delay stages
U, U,, ... Uy, each of which yields an output that is a delayed
version of the input. The extent of this delay monotonically
increases with theindex 1, 2, .. . N of the delay stage. To delay
the signal by a particular amount, one selects an appropriate
delay stage and obtains the delayed signal from the final
output.

Each one of the data signals shown in FIG. 1 has an inher-
ent skew that governs when the data-valid window 12 for that
data signal begins. This skew varies from one bit to the next.
Although the inherent skew cannot easily be eliminated, it can
nevertheless be compensated for.

The method and apparatus disclosed herein de-skews the
individual data signals shown in FIG. 1 by identitying a set of
compensation-skews such that the sum of a data signal’s
inherent skew and its compensation-skew is substantially the
same for each data signal. As a result, the aggregate data-valid
window 12 will increase and the aggregate leading-transition
and trailing-transition intervals 10, 14 will decrease. The
process of identifying these compensation-skews is carried
out during a training procedure. This might occur, for
example, when a computer is first turned on or rebooted. Once
the compensation-skews for each bit have all been deter-
mined, they are stored (e.g., in registers) for use during an
operating procedure.

In some embodiments, the process begins by passing the
strobe, or timing signal, through a delay line and skewing it by
an amount that is about midway across the range of the delay
line. In other words, if the delay line applies a maximum delay
oft,, . and aminimum delay oft,,, , then the strobe is skewed
by about 0.5*(t,, .. ~tmun)-

Referring now to FIG. 2, an example of a write-de-skewing
process includes a training procedure 16 and an operating
procedure 18. The training procedure 16 breaks down into a
measurement phase 20 and an assignment phase 22.

The measurement phase 20 includes, for each bit, sweep-
ing across a range of compensation-skews to identify an opti-
mal compensation-skew for that bit. In particular, the mea-
surement phase 20 includes choosing a particular
compensation-skew (step 24), applying that compensation-
skew, and comparing a bit value written to the memory with
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a bit value read back from the memory (step 26) to see if it
results in a write error. After repeating this procedure for all
bits (step 28), a new compensation-skew is obtained by incre-
menting or decrementing the old one (step 30). The procedure
then begins all over again with the new compensation-skew.
This procedure can be performed for multiple bytes of a
memory interface concurrently. For example, bit 0 of all bytes
can be tested at the same time, then bit 1 of all bytes can be
tested, etc. Also, in some embodiments, instead of repeating
the procedure sequentially for each bit of a byte, the error for
all bits of all bytes is analyzed in parallel.

The measurement phase 20 includes, for each value of
compensation-skew, causing each bit to be written into
memory and then reading the bit back. If the value read back
is consistent with the value written, then that compensation-
skew is identified as one of several possible choices for the
optimal compensation-skew that could be applied to that bit.
This process is carried out in parallel for all bits. Expressed in
pseudo-code, an example of this procedure is as follows:

FORI=1...NBITS

FOR J=1...NSKEWS

TIME=0

AT (TIME=J*SKEW_STEP)

WRITE(BIT(I), MEMORY_LOCATION)
X=READ(MEMORY_LOCATION)

IF (X==BIT()) THEN WRITE(J,GOOD_LIST)

NEXTJ

NEXT I

The outer “FOR” loop is only shown for clarity. In practice,
this procedure is carried out in parallel for all bits.

The assignment phase 22 includes examining the set of
candidate passed compensation-skews. The “passed compen-
sation-skews” are those compensation-skews in which the
test was passed. This examination determines the optimal
compensation-skew for each bit (step 32). These optimal
compensation-skews are then assigned to each bit (step 34),
thus completing the training procedure 16.

FIG. 3 illustrates the process of sweeping across the vari-
ous delay settings for a first bit, as discussed in connection
with the measurement phase (step 20). The topmost wave-
form shows a timing signal, or strobe 36. This strobe 36 has
been delayed by the strobe-skew defined above. The remain-
ing eight waveforms correspond to eight settings on a delay
line.

As is apparent, in a first skew setting 38, in which the data
signal has sustained a compensation-skew of 0% of the total
compensation range of the delay line, the rising edge of the
strobe 36, in this example, is close to the trailing-transition
interval 14. In the seventh, and eight skew settings 40, 42,
where the data signal has sustained compensation-skews of
75% and 87.5% of the total compensation range of the delay
line, the rising edge of the strobe 36 is now close to the
leading-transition interval 10. Both of these skew settings
result in reading a value that is inconsistent with what was
written. According to FIG. 3, the best compensation-skew to
apply to the first bit would be the fourth skew setting 44,
which is 37.5% of the total compensation range of the delay
line.

The fact that the optimal skew setting for the first bit is the
fourth skew setting 44 says nothing about what the optimal
skew settings might be for the other seven bits. In fact, FIG. 4
shows an example of the optimal skew settings for the first bit
and the remaining seven bits. As is apparent, many of the bits
are optimized by the fourth skew setting 44. However, there
are some outliers. For instance, bit 7 is optimized by the
second skew setting.
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The result of the training procedure 16 is thus an eight-
dimensional optimal compensation vector (or “de-skewing
vector”), which in the case shown in F1G. 41is[444 5433 2].
The optimal compensation vector is then saved and applied
for use in operating procedure 18.

During the operating procedure 18, normal reading and
writing operations occur but with the write-skew feature
enabled (step 46). The compensation-skew for each bit is
stored in a register associated with that bit. The compensa-
tion-skew for a particular bit is then applied to that bit every
time a write is to occur. Then, once the bits have all been
placed ontheir respective data lines, the strobe 36 is placed on
the strobe line after the lapse of the strobe-skew.

A method and apparatus for using a de-skewer for de-
skewing data signals that are being read from a memory is
described in U.S. patent application Ser. No. 14/046,879,
filed on Oct. 4, 2013, the contents of which are herein incor-
porated by reference. The method and apparatus disclosed
herein re-uses the same de-skewer that is used for de-skewing
data signals that are being read from the memory for de-
skewing data signals that are to be written to the memory. The
de-skewer can be trained separately for reading and writing.
Alternatively, a training re-use mode has the advantage of
enabling a de-skewing vector determined for reading to be
re-used for writing as well as reading, as described in more
detail below.

Referring to FIG. 7, for a particular one of the data signals
122, the procedure set forth in connection with FIG. 3 will
identify a compensation-skew that will tend to center the
data-valid window 12 of the data signal 122 relative to the
strobe 36. The procedure works by sweeping across all pos-
sible compensation-skews in an attempt to find a leading edge
118 and a trailing edge 120 of the data signal 122. Once the
leading edge 118 and the trailing edge 120 of the data signal
122 have been found, the center of the data-valid window 12
can be derived. It therefore becomes possible to center each
data signal 122 relative to the strobe 36 using a compensation-
skew that is appropriate to that data signal 122.

The foregoing method presupposes that the leading and
trailing edges 118, 120 of the data signal 122 can, in fact, be
found. If one or the other is not known, the center of the data
signal 122 cannot be found.

A delay-line has only a finite number of delay stages u,,
U,, . . . Uy, cach of which yields an output that is a delayed
version of the input. As a result, the set of all possible com-
pensation-skews spans a temporally finite observation win-
dow 116, shown in FIG. 7. It is possible for aleading edge 118
or a trailing edge 120 of a data signal 122 to fall outside this
observation window 116.

In some delay lines, a delay stage corresponds to zero
delay. Selecting this delay stage effectively provides a way to
simply bypass the delay-line.

A data signal 122 that does not fall completely inside the
observation window 116 would be divided into a visible
portion 47 and an invisible portion 45. Since the trailing edge
120 shown in FIG. 7 falls into the invisible portion 45, it can
never be found.

In the procedure described thus far, anything outside the
observation window 116 is simply ignored. As a result, the
strobe 36 will sample the data signal 122 midway between its
leading edge 118 and the trailing edge 128 of the visible
portion 116. The result is that the data-valid window 12
appears to be smaller than it actually is. It also means that, in
general, the strobe 36 fails to sample the data signal 122 at the
center of its data-valid window 12.

15

25

40

45

8

FIGS. 8-10 show an example of how the skews can be
selected sub-optimally when portions of a data-valid window
12 fall outside the observation window 116.

FIG. 8 shows eight data signals 122, DQ0-DQ7, and the
strobe 36, DQS. Compensation-skews ranging from =8 are
shown at the top of the diagram. These numbers are only for
convenience. The compensation-skews could just as easily
range from n to n+m for any integer n and any positive integer
m, where m is the number of outputs in the delay line.

It should be noted that the extent to which data signals 122
are misaligned in FIG. 8 is greater than what would be likely
to be found in practice. The data signals 122 are shown with
exaggerated misalignment to illustrate the method more
clearly. A more modest misalignment, which is consistent
with what might encounter in practice, is shown in FIG. 16.

These compensation-skews [n, n+m] identify different
stages of a delay line. As such, they are shown as dimension-
less integers. In reality, they would map to particular time

delays [.tn .+« L, where t<t, whenever i<j. Preferably,
It,.,-1; is constant.

The observation window 116 extends from a negative hori-
zon to a positive horizon bounded by the range of compensa-
tion-skew values. By default, the strobe 36 is centered mid-
way between the two horizons. The goal is to apply
compensation-skews to each data signal 122 so that the center
of'the data-valid window 12 of each data signal 122 coincides
with the strobe 36.

In FIG. 8, only two of the eight data signals 122, namely
DQ1 and DQ3, have data-valid windows 12 that are fully
contained in the observation window 116. For the data signals
DQO, and DQ4-DQ7, the leading edge falls beyond the posi-
tive horizon. For the data signal DQ2, the trailing edge falls
beyond the negative horizon. This has the potential to foul an
attempt to identify the center of the data-valid window 12.

FIG. 9 shows how the procedure can be misled. For each
data signal, a solid rectangle shows where the algorithm
believes the center of the data-valid window 12 is located.
This beliefis rooted in the mistaken assumption that anything
outside the visible portion 47 simply does not exist.

For example, for DQ7, the algorithm has no idea that most
of the data-valid window 12 actually extends beyond the
positive horizon. As a result, it assumes that the data-valid
window 12 for DQ7 is quite narrow and dutifully places its
center at a point that is considerably to the left of where it
should be. It is apparent from FIG. 7 that the only correctly
placed centers of a data-valid window 12 are for those data-
valid windows 12 that are completely within the observation
window 116.

FIG. 10 shows the result of applying the compensation-
skews. The pair of vertical parallel lines at zero skew value
corresponds to where the strobe 36 samples the data signals
122. As can be seen in the figure, many of the data signals 122
are sampled near the edge of their respective data-valid win-
dows 12.

One remedy for this difficulty is to simply increase the
range of possible skews. However, this method has the dis-
advantage of requiring considerable hardware re-design. In
addition, the component that carries out the skew, which is a
delay line, will have more stages and therefore occupy more
space on a chip.

Another remedy for this difficulty arises from the recogni-
tion that although the observation window 116 is finite in
temporal extent, it can nevertheless be moved relative to the
data signal 122 by selectively skewing the strobe 36 itself.

Thus, in this alternative method, if during the course of
carrying out the procedure in FIG. 3 only one of the leading
edge 118 and the trailing edge 120 of the data signal 122 can
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be found, then the strobe 36 is skewed to move the observa-
tion window 116 in a direction that decreases the extent of the
invisible portion 45. This places a greater fraction of the
data-valid window 12 inside the observation window 116.
This procedure can be carried out for each data signal 122 to
identify the center of the data-valid window 12 for that data
signal 122.

The combination of a particular strobe-skew and a particu-
lar compensation-skew can be used to sample a particular
data signal 122 at the center of its data-valid window 12.
However, there will be many data signals 122 in parallel and
only one strobe 36. It is almost inevitable that choosing a
strobe-skew to ensure sampling a first data signal 122 at the
center of its data-valid window 12 will result in sampling a
second data signal 122 further from the center ofits data-valid
window 12. Therefore, it will not be possible to select the
optimal strobe-skew for each data signal 122. Instead, the
strobe-skew is optimized across all data signals 122.

The variability of the strobe-skew provides another degree
of freedom for the procedure described in connection with
FIG. 3. In addition to an optimal compensation vector as
discussed in connection with FIG. 4, there is now an optimal
strobe-skew associated with the optimal compensation vec-
tor.

Preferably, the range of strobe-skews for the strobe 36 is
the same as the range of compensation-skews for the data
signals 122. This will permit the same kind of delay line to be
used for both. Such an implementation is used in FIG. 11, in
which both the data skew and the strobe-skew have a +8
range. This effectively results in a £16 wide horizon.

The strobe 36 is skewed until the sum over the lengths of all
visible portions 47 of all data-valid windows 12 is maxi-
mized. For the particular example shown, this corresponds to
a strobe-skew of +4, for which the visible range is shown in
FIG. 11. For each data signal 122, the procedure then identi-
fies the center of the data-valid window 12. These centers are
marked in FIG. 12. Upon application of the relevant compen-
sation-skews, the result is as shown in FIG. 13.

As is apparent from FIG. 13, it is still not the case that each
data signal 122 has been sampled at the center of its data-valid
window 12. However, the overall error is considerably lower
than it was in FIG. 10.

As shown in F1G. 14, a method of optimizing the sampling
of the data signal 122 using a variable strobe-skew typically
includes identifying the edges of the data-valid window 12
(step 130). This is best carried out by adjusting the strobe-
skew, and seeing if the adjustment reveals either a leading
edge 118 or a trailing edge 120 of a data window 122.

The procedure for ascertaining an extent of a data-valid
window 12 can be carried out by stepping through selected
values of strobe-skew, and, for each such value, sweeping
across all data signals 122 to see if a leading or trailing edge
118, 120 can be detected.

In some embodiments, the set of selected values of strobe-
skew is the set of all possible values of strobe-skew, which is
{m...m+n}. Inother embodiments, the set of selected values
of strobe-skew is a proper subset of the set, {m . .. m+n}, of
all possible values of strobe-skew. In the special case in which
the range of compensation-skews for each data signal 122 and
the range of strobe-skews are identical, the set of selected
values consists of only the first and last elements in an ordered
set of strobe-skews. In particular, if the ordered set of strobe-
skews is the set [m . . . m+n] then the selected subset will be
the two-element set {m, m+n}.

FIG. 15 illustrates the procedure for the case in which the
range of compensation-skews for each data signal 122 is the
same as the range of strobe-skews.
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Once the leading and trailing edges 118, 120 of each data
signal 122 have been found, it is possible to adjust the com-
pensation-skews of each data signal 122 so that the strobe 36
samples each data signal 122 as close to the center of its
data-valid window 12 as possible (step 132).

As a data signal 122 proceeds along the delay line from the
first delay line output, at the beginning of the delay line, to the
last delay line output, at the end of the delay line, it tends to
become distorted. This distortion arises in part from imper-
fections in the fabrication process. Among other things, this
process mismatch can causes an offset in duty cycle, for
example, and it becomes worse with more delay stages being
accumulated together. As a result of duty cycle distortion, the
width of the data-valid window 12 will tend to change at
different stages of the delay line. For this reason, it is desirable
to sample a data signal as early as possible on the delay line.
As a result, it is useful to shift the strobe-skew and the com-
pensation-skews towards the beginning of the delay line (step
134).

In particular, if the range of strobe-skews is [m, m+n], and
at the end of the adjustment step (step 132) the strobe-skew is
set to k, it is desirable to set the strobe-skew to k—j, where j is
a positive integer, and to subtract j from each element of the
compensation vector. The value of j is as large as possible
consistent with the constraint that because the temporal win-
dows are of finite extent, one may eventually encounter a
value of j such that the data signal 122 can no longer be
shifted.

FIG. 15 shows the procedure of FIG. 14 in more detail for
the special case in which the delay stages are identified by
integers between m and m+n inclusive for both the strobe-
skew and the compensation-skews, where m is the delay stage
closest to the beginning of the delay line and m+n is the delay
stage that is furthest from the beginning of the delay line, and
in which delays monotonically increases as the delay line
stage goes from m to m+n.

The procedure begins with the strobe-skew and the com-
pensation-skew both being set to the values that give the
smallest delay, (step 136, step 138). A test is then carried out
by writing to memory and reading back from memory (step
140). The result of the test is then recorded (step 142). At the
end of the test, if the compensation-skew has not reached its
maximum value (step 144), the compensation-skew is incre-
mented (step 146) and the test is repeated for the new value of
compensation-skew (step 140). This creates an inner loop, the
purpose of which is to march through all the compensation-
skews for a fixed strobe-skew.

If the compensation-skew has already reached its maxi-
mum value (step 148), the strobe-skew is incremented (step
150). This creates an outer loop, the purpose of which is to
march through all values of the strobe-skew.

Once both loops have run their course, the recorded results
are inspected and a determination of the optimal strobe-skew
and compensation-skew is carried out (step 152).

Inan optional step, which is intended to minimize the effect
of duty-cycle distortion, the data signals 122 and the strobe
are moved together as a unit so that sampling of the data
signals 122 occurs as close to the beginning of their respective
delay lines as possible. This is implemented by decrementing
the strobe-skew and all the compensation-skews together to
cause the data signals and the strobe to move as a unit towards
the beginning of the delay line (step 154). The particular
decrement is limited by the fact that there may be a data signal
that, as aresult of the finite length of a delay line, cannot have
its compensation-skew decremented beyond a certain point.

FIG. 16-19 show an example in which the method
described in FIG. 15 is carried out.
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The procedure begins with the distribution of data signals
shown in FIG. 16. This represents a distribution that is more
likely to be found in practice than the more exaggerated
distribution found in FIG. 8.

By FIG. 17, after execution of step 152 in FIG. 15, the
procedure has identified the center of each data signal. These
centers are marked in FIG. 17.

FIG. 18 shows the data signals after the relevant compen-
sation-skew has been applied to each one. Each data signal is
being sampled very close to the center of its data-valid win-
dow 12 as required. The absolute center is still not found due
to the limited shift range of the delay lines. However, the
sampling of the data signal would occur near the middle of the
delay line. As discussed above, it is preferable to carry out the
sampling near the beginning of the delay line to reduce the
accumulated effect from duty-cycle distortion.

In FIG. 19, following execution of step 154 in FIG. 15, the
data signals 122 and the strobe 36 have all been moved
together as a unit towards the beginnings of the relevant delay
lines. However, it is apparent from inspection of FIG. 19 that
DQO cannot be shifted towards the beginning of the delay line
any further than what is shown.

FIG. 5 shows a strobe-communication circuit 48 for com-
municating strobes between a memory controller 50 and a
memory 52 via a bidirectional strobe line 54. The particular
circuit shown has two modes of operation: a read mode, in
which it receives a read-strobe from the memory 52, and a
write mode, in which it sends a write-strobe to the memory
52.

The write mode can be a conventional write-mode or a
skewed write-mode. In the conventional write-mode, the
write-strobe is delayed by a nominal amount that is selected in
an attempt to sample at the midpoint of a data-valid window
12. A write-strobe having this property will be referred to as
a “nominal write-strobe.”” In the skewed write-mode, the
write-strobe is first passed through a de-skewer that delays it
by some predetermined amount that depends on the minimum
and maximum delay of the de-skewer. For example, the pre-
determined amount can be set to be as close as possible to one
half of a difference between the minimum and maximum
delays, or can be set to an amount that also depends on the
inherent skews of the data lines, as described above in the
procedure for using a variable strobe-skew. This kind of write
strobe will be referred to as a “skewed write-strobe”

The strobe-communication circuit 48 includes a transmit-
ter 56 for placing a write-strobe on the strobe line 54. This
write-strobe is to be provided to the memory 52 during a write
operation.

A first multiplexer 58 has an output connected to the trans-
mitter 56. The output of the first multiplexer 58 provides the
write-strobe that is to be placed on the strobe line 54 by the
transmitter 56. The transmitter 56 is, in some embodiments,
configured to convert logic levels used by the memory con-
troller 50 into logic levels used by the memory 52.

The first multiplexer 58 has first and second inputs 60, 62
for receiving two different versions of a write-strobe. The first
input 60 receives a nominal write-strobe.

The second input 62 receives a skewed write-strobe. The
choice of whether to place the skewed write-strobe or the
nominal write-strobe on the strobe line 54 is made by control
logic 64 connected to a control input 66 of the first multiplexer
58.

The strobe-communication circuit 48 further includes a
receiver 68 for receiving a read-strobe on the strobe line 54
during a read operation. The receiver 68 connects to a first
input 70 of a second multiplexer 72, a second input 74 of
which receives the nominal write-strobe. The receiver 68 is,
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in some embodiments, configured to convert logic levels used
by the memory 52 into logic levels used by the memory
controller 50.

The second multiplexer 72 has an output 76 that leads to a
de-skewer 78. Thus, the de-skewer 78 can receive either the
nominal write-strobe or a read-strobe. The choice between
these two is made by a signal provided by the control logic 64
to a control input 80 of the second multiplexer 72.

When being used in connection with writing into memory,
a de-skewer output 82, or the second input of the first multi-
plexer 58, provides a skewed strobe to the second input 62 of
the first multiplexer 58. On the other hand, when being used
in connection with reading from memory, the de-skewer out-
put 82 provides the skewed strobe to whatever entity would
normally use the read-strobe. The amount of skew may be
fixed, or may be tuned based on a range of skew values
determined for the data signals, as described below with
reference to FIG. 6. In some embodiments, the amount of
skew is fixed halfway between the minimum and maximum
possible skews provided by the de-skewer 78.

In those embodiments of delay lines that include a zero-
delay stage, the data de-skewer 78 has a delay stage that
corresponds to zero delay. This tap can be used when operat-
ing in read-mode to effectively bypass the data de-skewer 78.
Another way to implement this is to provide another multi-
plexer that has a first input connected to an output of the data
de-skewer 78 and a second input connected to the input of the
data de-skewer 78. A selector can then be used to select a
signal that bypasses the data de-skewer 78 altogether.

In the case where a strobe de-skewer is variable, the
amount of skew that can be compensated between the strobe
signal and the data signals is increased. As shown in FIG. 11,
if the DQ signals show an offset from the DQS signal as a
group, the DQS signal could be moved closer to the group of
DQ signals in addition to the DQ signals moving closer to the
DQS signal. This doubles the skew compensation range for
grouped DQ signals.

When carrying out a read operation, the receiver 68 is
active and the transmitter 56 is inactive. The control logic 64
selects the first input 70 of the second multiplexer 72. As a
result, the read-strobe passes through the de-skewer 78,
which then delays it by some predetermined amount. The
skewed read-strobe also happens to be provided to the second
input of the first multiplexer 58. However, since the transmit-
ter 56 is inactive, this has no effect.

When carrying out a normal write-operation, the receiver
68 is inactive and the transmitter 56 is active. The control
logic 64 selects the first input 60 of the first multiplexer 58. As
a result, the nominal write-strobe is placed on the strobe line
54.

When carrying out a skewed write-operation, the receiver
68 is inactive and the transmitter 56 is active. The control
logic 64 selects the second input 62 of the first multiplexer 58
and the second input 74 of the second multiplexer 72. This
means that the signal placed on the strobe line 54 will be the
output of the de-skewer 78. As it turns out, since the second
input 74 receives the nominal write-strobe, the output of the
de-skewer 78 will be a skewed write-strobe. As a result, a
skewed write-strobe is placed on the strobe line 54.

The strobe communication circuit 48 thus offers the advan-
tage of re-using the de-skewer 78 for both read and write
operations. This saves considerable die space and reduces
overall power consumption.

FIG. 6 shows one of eight data-communication circuits 84
for communicating data between a memory controller 50 and
a memory 52 via a bidirectional data line 86. The particular
circuit shown has two modes of operation: a read mode, in
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which it receives a data bit from the memory 52, and a write
mode, in which it sends a data bit to the memory 52.

The write mode can be a conventional write-mode or a
skewed write-mode. In the conventional write-mode, the data
bit to be written is not delayed on purpose. A data bit having
this property will be referred to as a “nominal data-bit.” In the
skewed write-mode, a de-skewer has delayed the data bitto be
written in an attempt to maximize the data-valid window 12
that can be sampled by the strobe. This kind of data bit will be
referred to as a “skewed data bit.”

The data-communication circuit 84 includes a transmitter
88 for placing a data bit on the data line 86. This data bit is to
be provided to the memory 52 during a write operation. The
transmitter 88 is, in some embodiments, configured to convert
logic levels used by the memory controller 50 into logic levels
used by the memory 52.

A first multiplexer 90 has an output connected to the trans-
mitter 88. The output of the first multiplexer 90 provides the
data bit that is to be placed on the data line 86 by the trans-
mitter 88.

The first multiplexer 90 has first and second inputs 92, 94
for receiving two different versions of a data bit. The first
input 92 receives a nominal data-bit. The second input 94
receives a skewed data-bit. The choice of whether to place the
skewed data-bit or the nominal data-bit on the data line 86 is
made by control logic 96 connected to a control input 98 of
the first multiplexer 90.

The data-communication circuit 84 further includes a
receiver 100 for receiving a data bit on the data line 86 during
aread operation. The receiver 100 connects to a first input 102
of a second multiplexer 104, a second input 106 of which
receives the nominal data-bit. The receiver 100 is, in some
embodiments, configured to convert logic levels used by the
memory 52 into logic levels used by the memory controller
50.

The second multiplexer 104 has an output 108 that leads to
a de-skewer 110. Thus, the de-skewer 110 can receive either
the nominal data-bit that is to be written into memory or a data
bit that has been read from memory. The choice between these
two is made by a signal provided by the control logic 96 to a
control input 112 of the second multiplexer 104.

When used in connection with writing data into memory, a
de-skewer output 114 provides a skewed data signal to the
second input 94 of the first multiplexer 90. When used in
connection with reading data from memory, the de-skewer
output 114 provides the skewed data signal to whatever entity
requested the data to be read.

As discussed in connection with FIG. 2, the amount of
skew is determined during the training procedure 16, which
may be initially performed before the operating procedure 18.
Some practices have separate read-training and write-training
procedures. During the read-training procedure, optimal
compensation-skews for use in connection with reading from
memory 52 are determined. During the write-training proce-
dure, optimal compensation-skews to be used in connection
with writing into memory 52 are determined.

Preferably, the read-training procedure is performed first,
followed by the write-training procedure. This means that the
optimal compensation-skews derived from the read-training
procedure can be used for reading values during the compari-
son step 26. Thus, results of the write-training procedure
depend at least in part on results of the read-training proce-
dure.

Some implementations have other differences between
read-training and write-training. For example, the write-
training procedure 16 described above is performed based on
a round-trip comparison between a value written to memory
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52 and a value read from memory 52. In contrast, the read-
training procedure can be performed by simply making use of
any data pattern available from the memory 52. This is
because the data-communication circuit 84 does not need to
write a value and then read it back in for comparison. Instead,
read-training can be carried out by reading the data pattern
from the memory 52 and locating the timing of the actual
leading-transition interval 10 and trailing-transition interval
14 for each bit over the compensation range of the delay line.
This can be done by oversampling the data signal to locate
leading and trailing edges of a single bit, and use the specific
locations of those edges to determine the optimal compensa-
tion-skew values. The oversampling can be performed based
on the incoming strobe signal corresponding to the data sig-
nal. For example, the oversampling may include sampling
using multiple time-shifted versions of the strobe signal, as
described in more detail in U.S. patent application Ser. No.
14/046,879.

In some implementations, the read-training is initially per-
formed before normal operation begins, using a pre-defined
test data pattern written into the memory, or provided by the
memory as a built-in pattern. Additionally, the read-training
procedure can also be carried out during normal operation of
the memory using any data pattern that happens to be read
from the data lines. An advantage of being able to carry out
read-training during normal operation by making use of any
data pattern is the ability to periodically re-train during opera-
tion without needing to suspend normal operations between
the memory controller 50 and the memory 52. This re-train-
ing may be useful to obtain updated compensation-skew val-
ues that have changed due to a temperature and voltage
change, for example.

When carrying out a read operation, the receiver 100 is
active and the transmitter 88 is inactive. The control logic 96
selects the first input 102 of the second multiplexer 104. As a
result, the data bit that has just been read passes through the
de-skewer 110, which then delays it by some predetermined
amount. The skewed data bit that has just been read also
happens to be provided to the second input of the first multi-
plexer 90. However, since the transmitter 88 is inactive, this
has no effect.

When carrying out a normal write-operation, the receiver
100 is inactive and the transmitter 88 is active. The control
logic 96 selects the first input 92 of the first multiplexer 90. As
a result, the nominal data-bit is placed on the data line 86.

When carrying out a skewed write-operation, the receiver
100 is inactive and the transmitter 88 is active. The control
logic 96 selects the second input 94 of the first multiplexer 90
and the second input 106 of the second multiplexer 104. This
means that the signal placed on the data line 86 will be the
output of the de-skewer 110. As it turns out, since the second
input 92 receives the nominal data-bit, the output of the de-
skewer 110 will be a skewed data-bit. As a result, a skewed
data-bit is placed on the data line 86.

The data-communication circuit 84 thus offers the advan-
tage of re-using the de-skewer 110 for both read and write
operations. This saves considerable die space and reduces
overall power consumption.

The control logic 96 also has the ability to control what
compensation-skews are used for read operations and write
operations. In a compensation re-use mode, the control logic
96 selects the compensation-skews determined during the
read-training procedure for both read operations and write
operations. Because much of the route used by the data lines
as they traverse the hardware between the memory controller
50 and the memory 52 is bidirectional, path length difference
for reading and writing will be substantially identical. This
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means that the compensation-skews for reading can also pro-
vide improved setup and hold time margin when they are
re-used for writing. There may be some difference between
the optimal compensation-skews for reading and writing,
which come from differences in the circuitry of the data lines
that is not in common for both transmission and reception, but
the reading compensation-skews may be adequate for writing
in some cases.

Having described the invention, and a preferred embodi-
ment thereof, what is claimed as new, and secured by letters
patent is:

1. A method of sampling data signals in response to a
timing signal, said method comprising:

receiving data signals, wherein each of said data signals

includes a valid-data window having an extent, wherein,
when a data signal is received, said valid-data window
includes an invisible portion and a visible portion,
wherein said invisible portion is outside an observation
window, and said visible portion is inside said observa-
tion window, wherein said data signals are skewed rela-
tive to each other, for each of said data signals, identi-
fying a designated location within said valid-data
window, wherein said designated location is part way
across said extent of said valid-data window, and for
each of said data signals, aligning said data signal such
that said designated location aligns with said timing
signal.

2. The method of claim 1, wherein identifying a designated
location of said valid-data window comprises skewing said
timing signal.

3. The method of claim 1, wherein identifying a designated
location of said valid-data window comprises skewing said
timing signal by a timing-signal skew, then, for each data
signal, skewing said data signal by a compensation skew, and
determining that a combination of said timing-signal skew
and said compensation skew results in a memory error.

4. The method of claim 3, wherein determining that a
combination of said timing-signal skew and said compensa-
tion skew results in a memory error comprises writing a first
value to a memory location, reading a second value from said
memory location, determining that said second value is
inconsistent with said first value, and recording said compen-
sation skew and said timing-signal skew associated with hav-
ing determined that said first and second values are inconsis-
tent.

5. The method of claim 1, wherein identifying a designated
location of said valid-data window comprises detecting a
location of a leading edge of said valid-data window and a
trailing edge of said valid-data window, wherein at least one
of said leading edge and said trailing edge lies outside said
visible portion.

6. The method of claim 1, wherein identifying a designated
location of said valid-data window comprises identifying a
location midway between said leading edge and said trailing
edge of said valid-data window.

7. The method of claim 1, further comprising shifting said
data signals and said timing signal in a direction that reduces
duty-cycle distortion.

8. The method of claim 1, wherein aligning said data signal
such that said designated location aligns with said timing
signal comprises passing said data signal through a delay line,
and selecting an output of said delay line, wherein said output
corresponds to a desired compensation skew for said data
signal.

9. The method of claim 8, further comprising selecting said
output of said delay line to minimize distortion of said data
signal.
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10. The method of claim 8, further comprising selecting
said output of said delay line to be as close to a beginning of
said delay line as possible subject to the constraint that each
data signal is sampled at said designated location on said
valid-data window of said data signal.

11. An apparatus for controlling a memory, said apparatus
comprising: a memory controller, a data interface, and a tim-
ing-signal interface, and data de-skewers, wherein said data
interface interfaces with data lines that connect said memory
controller to said memory, wherein each of said data lines is
associated with a corresponding one of said data de-skewers,
wherein said timing-signal interface interfaces with a timing-
signal line that connects said memory controller to said
memory, wherein each of said data lines carries a data signal,
wherein each of said data signals includes a valid-data win-
dow, wherein, when a data signal is received, said valid-data
window includes an invisible portion and a visible portion,
wherein said invisible portion is outside an observation win-
dow, wherein said visible portion is inside said observation
window, wherein said data signals are skewed relative to each
other, wherein said valid-data window has an extent, wherein
said data interface is in data communication with each of said
data lines, wherein said timing-signal interface is configured
to apply a timing signal to said timing-signal line, wherein
said data de-skewer that corresponds to said data line is con-
figured to apply a compensation skew to a data signal that is
carried by said data line, wherein said data de-skewer that
corresponds to said data line is configured to identify, for said
data line, a designated location within said valid-data win-
dow, wherein said designated location is part way across said
extent of said valid-data window, and wherein said data de-
skewer is further configured to align said data signal such that
said designated location aligns with said timing signal.

12. The apparatus of'claim 11, wherein said data de-skewer
is configured to identify a designated location of said valid-
data window based on a skew applied to said timing signal by
said timing-signal de-skewer.

13. The apparatus of'claim 11, wherein said data de-skewer
is configured to identify a designated location of said valid-
data window based on a skew applied to said timing signal by
said timing-signal de-skewer, wherein said data de-skewer is
configured to apply a compensation skew that depends on an
extent to which said timing signal is skewed, and wherein said
memory controller is configured to determine that a combi-
nation of said timing-signal skew and said compensation
skew results in a memory error.

14. The apparatus of claim 13, wherein said memory con-
troller is configured to determine that a combination of said
timing-signal skew and said compensation skew results in a
memory error by writing a first value to a memory location,
reading a second value from said memory location, determin-
ing that said second value is inconsistent with said first value,
and recording said compensation skew and said timing-signal
skew associated with having determined that said first and
second values are inconsistent.

15. The apparatus of claim 11, wherein, for each data line,
a data de-skewer corresponding to said data line is configured
to identify a designated location of said valid-data window by
detecting a location of a leading edge of said valid-data win-
dow and a trailing edge of said valid-data window, and
wherein at least one of said leading edge and said trailing edge
lies outside said visible portion.

16. The apparatus of'claim 11, wherein said data de-skewer
is configured to identify a designated location of said valid-
data window by identifying a location midway between said
leading edge and said trailing edge of said valid-data window.
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17. The apparatus of claim 11, wherein said data de-skewer
is further configured to shift said data signals and said timing
signal in a direction that reduces duty-cycle distortion.

18. The apparatus of claim 11, wherein said data de-skewer
is further configured to align said data signal such that said 5
designated location aligns with said timing signal by passing
said data signal through a delay line, and selecting an output
of said delay line, wherein said output corresponds to a
desired compensation skew for said data signal.

19. The apparatus of claim 18, wherein said data de-skewer 10
is further configured to select said output of said delay line to
minimize distortion of said data signal.

20. The apparatus of'claim 18, wherein said data de-skewer
is further configured to select said output of said delay line to
be as closeto a beginning of said delay line as possible subject 15
to the constraint that each data signal is sampled at said
designated location on said valid-data window of said data
signal.



